Background: Red cell distribution width (RDW) is an index of red blood cell volume variability that has historically been used as a marker of iron deficiency anemia. More recently, studies have shown that elevated RDW is associated with higher mortality risk in the general population. However, there is lack of data demonstrating the association between RDW and mortality risk in hemodialysis (HD) patients. We hypothesized that higher RDW is associated with higher mortality in HD patients.
R ed cell distribution width (RDW) is a quantitative marker of the heterogeneity of red blood cell (RBC) volume. 1 It is routinely reported as a part of the standard complete blood cell count. Although it has traditionally been considered to be a marker of nutritional deficiency (iron, vitamin B 12 , and folate), 2 in more recent years, RDW has emerged as a novel predictor of mortality across various populations. [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] Although the underlying mechanism of the RDWmortality association remains unclear, it has been hypothesized that it may also be a marker of malnutrition and inflammation.
Although RDW has been shown to closely correlate with kidney function, 1, [13] [14] [15] there is limited understanding of the relationship between RDW and mortality in patients with chronic kidney disease, particularly for those receiving dialysis. To date, only 2 small studies of peritoneal dialysis and hemodialysis (HD) patients have examined this question. In the first of these studies, among 1,293 incident peritoneal dialysis patients from a single center, those with RDW $ 15.5% had 60% and 27% higher cardiovascular and all-cause mortality risks, respectively, compared with those with RDW , 15.5%. 13 In the second prospective study of 100 HD patients from a single center, each 1% increase in RDW was associated with 54% higher allcause mortality risk after 1 year of follow-up in crude analyses. 15 Given the limited generalizability and lack of adjustment of potential confounders in the mentioned studies, we sought to re-examine the association between RDW and mortality in a nationally representative population of HD patients receiving care from a large dialysis provider in the United States. We hypothesized that higher RDW is associated with higher mortality risk in HD patients independent of sociodemographics, comorbid conditions, and laboratory confounders and that RDW may have strong predictive value as a marker of mortality.
METHODS

Source Cohort
The study was approved by the institutional review committees of the University of California, Irvine, University of Washington, and DaVita Clinical Research (UCI IRB# 2012-9090). The study was exempt from informed written consent due to its nonintrusive nature and anonymity of patients.
We examined data from a total of 208,820 patients with endstage renal disease who initiated dialysis therapy from January 1, 2007, through December 31, 2011, in a large dialysis care organization in the United States. We excluded 46,156 patients for whom dialysis vintage was less than 60 days total, 29,502 patients who were not initiated on thrice-weekly HD therapy, and 23,487 patients who did not have RDW measured during the first 3 months of initiating dialysis therapy. The final study population consisted of 109,675 adult HD patients (Fig 1) . Patients were followed up from the date of dialysis therapy initiation until death, kidney transplantation, transfer to another dialysis facility, or end of the study period (December 31, 2011), whichever occurred first.
Sociodemographic, Clinical, and Laboratory Measures
Information for sociodemographics, dialysis modality, vascular access type, cause of end-stage renal disease, hospitalization data, comorbid conditions (diabetes mellitus, hypertension, atherosclerotic heart disease, congestive heart failure, other cardiovascular disease, cerebrovascular disease, chronic obstructive pulmonary disease, history of cancer, HIV [human immunodeficiency virus], and dyslipidemia), body weight, laboratory values, and intravenous medications were obtained from the large dialysis organization database.
In all large dialysis care organization clinics, blood samples were drawn using standardized techniques and transported to a centralized laboratory in Deland, FL, typically within 24 hours, where they were measured using automated and standardized methods. Serum creatinine, phosphorus, calcium, serum urea nitrogen, albumin, bicarbonate, total iron-binding capacity, and RDW were measured monthly. Serum intact parathyroid hormone (iPTH) and ferritin were measured at least quarterly. Hemoglobin was measured weekly to biweekly in most patients. Delivered dialysis dose was estimated by single-pooled Kt/V using the urea kinetic model. Body mass index was calculated as post-HD body weight in kilograms divided by height in meters squared. Data were averaged over 91-day intervals from dialysis therapy initiation (dialysis patient quarters). Measurements during the first 91 days on dialysis therapy were used as baseline values.
RDW was routinely reported along with complete blood cell count and was calculated by dividing the standard deviation of the mean cell size by the mean cell volume of RBCs and multiplying by 100 to convert to a percentage. The reference range for RDW is approximately 11.5% to 15.5%. 16 
STATISTICAL METHODS
Descriptive data were summarized using proportion, mean 6 standard deviation, and median with interquartile range as appropriate and were compared using tests for trend, analysis of variance (Kruskal-Wallis test for nonparametric variables), or c 2 tests. Linear regression was used to calculate the expected change in baseline RDW with each unit change in a laboratory variable, and correlation coefficients were calculated to determine the strength of these associations.
The relationship between baseline and time-varying RDW with all-cause mortality was examined using Cox proportional hazard models. RDW was categorized into 5 different groups (,14.5%, 14.5%-,15.5%, 15.5%-,16.5%, 16.5%-,17.5%, and $17.5%). The RDW category 15.5% to ,16.5% was used as the reference category because it was the category with the largest proportion of patients. Three levels of adjustment were analyzed: (1) unadjusted models that included RDW, the main predictor variable; (2) casemix-adjusted models that additionally included age, sex, race/ ethnicity (non-Hispanic white, African American, Hispanic, Asian, and other), comorbid conditions, cause of end-stage renal disease, dialysis access, primary insurance, delivered dialysis dose, and number of days in the hospital per dialysis patient quarter; and (3) case-mix-plus-malnutrition-inflammation complex syndrome (MICS)2adjusted models that included all covariates in the casemix model as well as 17 surrogates of nutritional and inflammatory status: hemoglobin, serum albumin, calcium, phosphorus, iPTH, iron saturation, total iron-binding capacity, ferritin, bicarbonate, white blood cell count, lymphocyte percentage, creatinine, alkaline phosphatase, body mass index, normalized protein catabolic rate, cumulative iron dose per quarter, and erythropoiesisstimulating agent (ESA) median dose per week. Time-varying models included time-updated values of dialysis dose, number of hospital days per dialysis patient quarter, and all MICS laboratory measurements. Associations of RDW as a continuous predictor with mortality were also modeled using restricted cubic splines with best placed knots at the 25th, 50th, and 75th percentiles. We examined possible effect modification in the baseline RDWmortality association across strata of demographics, comorbid conditions, and laboratory measurements with higher baseline RDW $ 15.5% versus lower referent RDW, 15.5%.
The added value of RDW to case-mix covariates in predicting allcause mortality was evaluated using receiver operating characteristic (ROC) analysis with area under the curve (AUC). This was compared with ROCs of other markers of anemia (ie, hemoglobin, iron saturation, and ferritin values) and albumin level because it is a strong predictor of mortality. Likelihood ratio tests were used to compare goodness of fit of case-mix models with case-mix models with the added predictor. Net reclassification improvement (NRI) was performed to examine the effect of case-mix variables alone versus case-mix variables and RDW on different cutoff points (5%, 15%, and 30%) in predicting all-cause mortality. We also calculated integrated discrimination improvement (IDI) to compare discrimination ability between the 2 logistic regression prediction models (case-mix variables alone vs case-mix variables and RDW). NRI and IDI were also calculated for other markers of anemia (ie, hemoglobin, iron saturation, and ferritin values) and albumin levels.
In the primary analysis, data were missing for 1.3%, 4.6%, and 1.5% of patients for serum ferritin, creatinine, and normalized protein catabolic rate, respectively, and data were missing for ,1% for all other covariates. In sensitivity analysis, data for vitamin B 12 and folate levels were missing for 88% and 87% of patients, respectively. For all analyses, complete case methods were used, for which each model analysis was limited to patients with complete data for all model variables. All analyses were carried out with Stata, version 13.1 (StataCorp LP).
RESULTS
Baseline Demographics and Clinical Characteristics According to RDW
The cohort included 109,675 HD patients. Baseline characteristics stratified by the 5 RDW categories are shown in Table 1 . Mean age was 63 6 15 (standard deviation) years. At baseline, patients with higher RDW were more likely to be African American, have diabetes and cardiovascular comorbid conditions, and use a central venous catheter at the time of initiation of HD therapy. As RDW increased, serum ferritin, vitamin B 12 , and C-reactive protein (CRP) levels increased, whereas iPTH levels decreased. Interestingly, hemoglobin, ESA, and iron dose values were essentially similar across all RDW groups. Table 2 shows the correlation and association between RDW and different laboratory variables. RDW had positive correlations with values for ferritin, white blood cell count, CRP, iron saturation, bicarbonate, median ESA dose, calcium, alkaline phosphatase, single-pool Kt/V, vitamin B 12 , and folate. It had negative correlations with albumin, platelet, creatinine, hemoglobin, phosphorus, iPTH, body mass index, lymphocyte, total iron-binding capacity, and iron dose values. However, these correlations between RDW and various laboratory variables were weak. The strongest correlation was found to be between RDW and albumin level. With every 1-g/dL increase in albumin level, RDW decreased by 0.7% (correlation coefficient, 20.20).
Association of RDW With Different Laboratory Variables
Association of RDW With Mortality
Using RDW of 15.5% to ,16.5% as a reference, there was a linear association between baseline RDW and mortality in unadjusted, case-mix2adjusted, and case-mix-plus-MICS2adjusted models. In case-mixplus-MICS-adjusted models, baseline RDW $ 17.5% was associated with the highest risk for mortality compared to the reference group ( (Table 3) . Using IDI, the discrimination slope of the case-mix with RDW model was 1.8% and 2.5% higher when compared to the case-mix model alone in predicting 1-and 5-year mortality, respectively. Reclassification analysis for all-cause mortality using NRI showed an improvement after adding RDW to the model (cutoff , 5%, 5%-,15%, 15%-,30%, and $30%: NRIs of 13.9% [95% CI, 13.0%-14.9%] and 13.6% [95% CI, 12.9%-14.2%] for 1-and 5-year mortality, respectively; P , 0.001; Table 4 ). In the same model, albumin level had the highest predictive value for all-cause mortality, and all other markers of anemia (eg, ferritin, hemoglobin, and iron saturation) had much lower predictive ability compared to RDW. The reclassification table for models without and with RDW as a predictor of event (event is defined as mortality within 5 years of initiating HD therapy) is shown in Table 5 . Event rates for the case-mix model are 3%, 10%, 22%, and 42% for risk categories of 0% to ,5%, 5% to ,15%, 15% to ,30%, and $30%, respectively. However, event rates for the case-mix model with RDW are 2.5%, 10%, 16%, and 44% for risk categories of 0% to ,5%, 5% to ,15%, 15% to ,30%, and $30%, respectively. Hence, the case-mix model with RDW seems to be a better model because it classified more people in the highest risk group.
Sensitivity Analyses
We performed sensitivity analysis in which we additionally adjusted for vitamin B 12 and folate levels in addition to case-mix-plus-MICS covariates in the time-varying analysis. Due to a large proportion of patients with missing data for vitamin B 12 and folate (88% of patients), these two variables were not included in the main case-mix-plus-MICS model. After restricting the subcohort to patients with available vitamin B 12 and folate measurements, the linear Figure 5 . Subgroup analyses show all-cause mortality hazard ratio in patients with baseline red cell distribution width (RDW) $ 15.5% (RDW , 15.5% as reference group) by demographics and comorbid conditions. Abbreviations: CHF, congestive heart failure; CV, cardiovascular; CVA, cerebrovascular accident; HTN, hypertension; MICS, malnutrition-inflammation complex syndrome.
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Am J Kidney Dis. 2016;68 (1):110-121 relationship between RDW and mortality persisted but was blunted, in particular for the MICS model additionally adjusted for vitamin B 12 and folate levels. These results represent associations in a small subset of the analytical cohort and therefore may be subject to selection biases (Table S3) . Baseline characteristics of patients with complete data for all variables included in the baseline case-mix and MICS-adjusted models (n 5 99,303) were compared with those with complete data across all variables, including vitamin B 12 and folate (n 5 10,372). The 2 groups were similar except there was a higher proportion of whites and lower proportion of Hispanics in the group with complete information. Dyslipidemia was also more prevalent in the group with complete information (Table S4 ). In addition, we further evaluated the association of RDW with mortality after excluding patients with hemoglobin levels , 12 g/dL in time-varying analysis. This was done to examine the effect of RDW on mortality prediction in nonanemic patients. RDW remained significantly associated with all-cause mortality in this subcohort of patients (Table S5 ). In the case-mix-plus-MICS2adjusted model, the lower time-varying RDW groups of ,14.5% and 14.5% to ,15.5% were associated with lower mortality risk (reference group, 15.5%-, 16 
DISCUSSION
In this contemporary cohort of 109,675 adult HD patients, we found a robust, consistent, and linear relationship between RDW and mortality. As RDW increased, risk for death also increased. This result remained consistent in patients with hemoglobin levels $ 12 g/dL. In addition, there was also an independent and additive effect of RDW in the assessment of survival in patients on maintenance HD therapy. The AUC analyses demonstrated that RDW was a strong predictor of mortality, similar to albumin level. Using reclassification analyses in the mortality prediction model, RDW improved the predictive value of the model by w14% for 1-and 5-year mortality. Based on our models, RDW might be a better predictor of mortality than hemoglobin, ferritin, and iron saturation values. Furthermore, although previous studies across various non-chronic kidney disease populations found significant correlations between RDW and hemoglobin, CRP, ferritin, and white blood cell values, our study found no significant correlations between RDW, RBC indexes, and various other laboratory/inflammatory markers, suggesting that the pathogenesis of elevated RDW in patients on HD therapy is probably more complex. 15 It has been previously shown that kidney function is closely related to RDW. In 1989, Docci et al 14 were the first to measure and compare RDW values in HD patients versus patients with normal estimated glomerular filtration rates (eGFRs). They concluded that RDW is higher in HD patients and tends to return to normal when HD patients are treated with iron. In 2008, Lippi et al 17 showed that in approximately 8,500 patients with eGFRs . 60 mL/min/1.73 m 2 , there is a strong graded decrease in eGFR with increase in RDW. A similar inverse relationship was found in another study in which both decreased eGFR and increased microalbuminuria were seen with higher RDW. 18 In kidney transplant recipients, results have been similar. 1 More recently, a retrospective analysis has been performed in 296 patients that examined the role of RDW in HD patients without anemia. When Note: Associations given as AUC (95% confidence interval). Case-mix variables include age, sex, race/ethnicity (non-Hispanic white, African American, Hispanic, Asian, and other), comorbid conditions, primary insurance, dialysis access, cause of endstage renal disease, hospitalization history, and delivered dialysis dose. P value represents likelihood ratio comparing case-mix models with case-mix 1 laboratory variables.
Abbreviations: AUC, area under the curve; RDW, red cell distribution width; ROC, receiver operating characteristic. these patients were grouped into 4 categories according to clinical parameters, albumin level, and CRP level, the group with both low serum albumin (,3.5 g/dL) and high CRP values (.5 mg/L) had the highest RDW. This suggests that even in nonanemic HD patients, RDW varies depending on the degree of malnutrition and inflammation. 19 In addition to being closely linked to kidney function, increased RDW has also been associated with higher mortality. In 2007, it was identified as a prognostic marker for all-cause mortality in patients with congestive heart failure. 3 In more recent years, RDW has been associated with mortality and other adverse outcomes in various clinical conditions, including chronic and acute heart failure, acute dyspnea, acute pancreatitis, severe sepsis and septic shock, trauma, acute pulmonary embolism, older adulthood, and even acute kidney injury or kidney transplantation. [4] [5] [6] [7] [8] [9] [10] [11] [12] Similarly, results from a single center with 1,293 incident peritoneal dialysis patients demonstrated that patients with RDW $ 15.5% had an adjusted HR of 1.60 for cardiovascular mortality (RDW reference group, ,15.5%).
13 However, the impact of RDW on mortality in HD patients has not been well studied. To our knowledge, only one study of 100 HD patients from a single center has examined the RDW-mortality association. In that study, each 1% increase in RDW was associated with 54% higher all-cause mortality risk after 1 year in univariate Cox proportional hazard analyses. 15 The association between RDW and mortality reported in many diseases may reflect residual confounding from many conditions affecting RBC production and survival. The exact mechanism by which RDW is linked to mortality is not clear. RDW reflects heterogeneity in RBC size. Disorders causing increased RBC destruction and/or ineffective and increased RBC production, which are both prevalent in patients on dialysis therapy, lead to an increase in RDW. Beyond functioning as a marker of ineffective erythropoiesis, there are other plausible mechanisms that might explain the RDW-mortality risk. First, inflammation inhibits bone marrow function and iron metabolism, 20 and proinflammatory cytokines have been determined to inhibit erythropoietin-induced erythrocyte maturation and proliferation and downregulate erythropoietin receptor expression, which is associated with increasing RDW. [21] [22] [23] Second, oxidative stress leads to an increase in heterogeneity of RBCs. 24, 25 Despite having tremendous antioxidant capacity, RBCs are prone to oxidative damage. Patients receiving HD have high levels of inflammation and oxidative stress due to multiple factors, including blood contact with the dialysis membrane, microbial contamination of the dialysate, reduced vitamin C and E levels, and reduced activity of the glutathione system. Third, malnutrition, which is common in HD patients, is known to increase RDW. Finally, RDW has been shown to be an independent predictor of endothelial dysfunction. Our study is not without its limitations. First, as an observational study, it cannot prove a causal relationship between RDW and mortality. Second, we did not have comprehensive data that may be associated with both RDW and HD patient outcomes, such as blood transfusion data, socioeconomic status, and other known or unknown confounders. Therefore, we cannot exclude the possibility of residual confounding. We also did not have information for cause of death and therefore could not examine cardiovascular mortality outcomes. Finally, the relevance of these findings is uncertain because it is not necessarily actionable. However, it is possible that similar to ferritin level, RDW is a marker of inflammation and may help in recognizing patients with ESA resistance. Nevertheless, our study is remarkable for its nationally representative cohort, large sample size, and comprehensive data for laboratory values and comorbid conditions.
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In summary, we observed that higher RDW is strongly linked to higher mortality risk in HD patients. However, it is not clear whether higher RDW is a risk factor for mortality or an epiphenomenon of underlying biological and metabolic imbalances across RDW categories. Nevertheless, it seems reasonable to infer that assessment of this parameter should be broadened far beyond the differential diagnosis of anemia. Further studies are needed to confirm these findings and determine the mechanisms underlying the RDW-mortality association. Table S1 : Association of baseline RDW with all-cause mortality over 5 y. Table S2 : Association of time-varying RDW with all-cause mortality over 5 y. Table S3 : Association of time-varying RDW with all-cause mortality over 5 y in patients ever with vitamin B 12 or folate measurement. Table S4 : Baseline characteristics of cohort with complete data for baseline case-mix and MICS covariates vs those with complete data across all variables. Table S5 : Association of time-varying RDW with all-cause mortality over 5 y in patients with hemoglobin $ 12 g/dL.
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